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Abstract. An analytical methodology is presented to evalu- investigation and has led to the development of methodolo-
ate rock slope stability under seismic conditions by consider-gies for the evaluation of the seismic susceptibility of rock
ing the geomechanical and topographic properties of a slopeslopes. The effects of earthquakes on rock slopes strongly
The objective is to locate potential rockfall source areas andlepend on local conditions of the rock mass. Thus when
evaluate their susceptibility in terms of probability of failure. evaluating the susceptibility of a slope to seismically induced
For this purpose, the slope face of a study area is discretizetbckfalls, it is necessary to consider specific geologic and
into cells having homogenous aspect, slope angle, rock proptopographic properties of the area as well as the respective
erties and joint set orientations. A pseudostatic limit equilib- seismic hazard.

rium analysis is performed for each cell, whereby the desta- Keefer (1993) developed an empirically based approach
bilizing effect of an earthquake is represented by a horizontathat has become one of the most widely used techniques for
force. The value of this force is calculated by linear interpo- assessing seismic rockfall hazards. Keefer's (1993) method-
lation between the peak horizontal ground acceleration PGAology is based on geologic and topographic factors observed
at the base and the top of the slope. The ground acceleratioto be characteristic of large seismically induced rockfalls.
at the top of the slope is increased by 50% to account for to-The approach takes the form of a decision tree that relates
pographic amplification. The uncertainty associated with thelocal conditions of an area to seismically induced rockfall
joint dip is taken into account using the Monte Carlo method. susceptibility. Critical factors associated with a high suscep-
The proposed methodology was applied to a study site withtibility to seismically induced rockfalls include (i) steep re-
moderate seismicity in Salde Santa Coloma, located in the lief, (ii) intense weathering, (iii) poor induration and (iv) the
Principality of Andorra. The results of the analysis are con- presence of open and closely spaced fissures. More specifi-
sistent with the spatial distribution of historical rockfalls that cally, steep relief refers to slopes inclined®2% more. In-
have occurred since 1997. Moreover, the results indicate thatense weathering, which is indicative of the destruction of the
for the studied area, 1) the most important factor controllingoriginal rock-bonding material, is a factor promoting rock
the rockfall susceptibility of the slope is water pressure indetachment from the slope face. Poor induration refers to the

joints and 2) earthquake shaking with PGA00.16 g will low strength of bonding of particles in fresh, unweathered
cause a significant increase in rockfall activity only if water rock (unconfined compressive strength lower than 700 kPa).
levels in joints are greater than 50% of the joint height. The decrease of stability due to open fissures is attributed to

the lack of lateral support of the partially contained detached
sheets, columns and blocks. An average joint spacing of a
few centimeters or less is also associated with highly suscep-
tible slopes, as is joint containing water. Based on data from

Earthquake-induced rockfalls comprise a considerable frac:40 worldwide earthquakes, Keefer (1984) found that the min-

tion of landslides worldwide, posing a significant threat to imum earthquake intensity required to trigger rockfalls corre-

humans, infrastructure and property. This has motivated theino.nded taVf ~4.0. _This local mlagnitud.e is approximately
property equivalent to a Modified Mercalli Intensity of VI and a Eu-

ropean Macroseismic Scale (Gruntal, 1998) intensity level 6
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As Keefer's approach is empirical and qualitative, the ob- The size and the geometry of potential failure masses in
jective of this paper is to present an alternative analyticalrock slopes are controlled by intersecting joint sets. Rock-
methodology that can be used for quantitative assessmeffialls can only occur when the rock mass formed by the in-
of earthquake-induced rockfall susceptibility. The method-tersecting joint planes is kinematically capable of detach-
ology was developed to evaluate rock slope stability un-ment, regardless of the shaking forces acting to the mass.
der seismic conditions in Sklde Santa Coloma, located in This criterion serves as the basis of the Markland (1972) test
the Principality of Andorra (see Sect. 4.1). Application of of potential instability. During an earthquake, kinematically
Keefer's (1993) decision tree indicates thate&sde Santa permissible failure masses will dislodge when the shear re-
Coloma has a low to moderate susceptibility (depending orsistance of the controlling joint surface(s) is exceeded due
the absence or presence of water in the joints, respectivelyio shaking-induced inertial forces. Seismic loading is cyclic
to earthquake induced rockfalls. Using the newly proposedand transient and therefore its magnitude and direction are
methodology, the effects of earthquakes rockfall susceptibil-continuously changing with the earthquake. As a result,
ity is considered in quantitative terms and the results fromearthquake-induced inertial forces will alternate from stabi-
both the empirical and analytical approaches are comparedlizing to destabilizing with respective cycles of motion dur-

The methodology proposed here considers local geologiéng an earthquake. Moreover, these inertial forces may alter-
properties, topography, and expected levels of ground shakaatively increase and reduce normal stresses on joint planes,
ing. The methodology is based on a limit-equilibrium model and thus the contribution of friction to the shear strength
that accounts for joint kinematics in the region of study. Thealong the plane (Hack et al., 2007).
slope face is highly discretized, thus permitting the identifi- As noted, topography can locally modify earthquake
cation of potentially dislodgeable rock masses. Uncertaintyground shaking in slopes. Additionally, site effects, the one-
in the joint properties is accounted for by means of a Montedimensional amplification of earthquake ground motion, can
Carlo simulation procedure, with model output presented as also affect the dynamic response of soil and soft rock slopes
probability of failure P under a given level of ground shak- in earthquakes (Ashford et al., 1997). Site amplification has
ing. Complementary conventional deterministic analysis isbeen found to be less significant than the topographic effects
also performed, using the average joint dip from the unfa-for steep, well indurated rock (Sepuldeva et al., 2005). While
vorable joint sets, and yielding results expressed as a safetyypographic effects have shown to dramatically increase the
factor. Past studies (e.g. Keefer, 1984; Khazai and Sitaramplitude of ground shaking near the crests of steep slopes
2003; Sefilveda et al., 2005) have attributed high rockfall (Bouchon and Barker, 1996), this same phenomenon can also
intensities to topographic effects, a phenomenon whereby toresult in de-amplification of ground motion at the toe of a
pographic features, such as slopes and basins, can locallope (Boore, 1972). The main factors affecting this phe-
modify earthquake ground shaking (e.g. Geli et al., 1988).nomenon are the slope inclination and the vertical distance
Accordingly, the proposed methodology includes provisionsfrom the crest of the slope (Geli et al., 1988). Additionally,
to account for topographic effects using an established simthe earthquake frequency content (Ashford and Sitar, 2002)
plified procedure. The methodology has been implementecnd the approach direction of seismic waves are also impor-
with a Geographical Information System (GIS) platform us- tant factors affecting topographic amplification (Anoosheh-
ing ArcMap v. 9.2 by ESRI, which allowed for graphical rep- poor and Brune, 1989).
resentation of the potential rockfall sources and their associ-
ated susceptibility. The following sections of this paper dis-
cuss the effects of earthquakes on rock slopes and provids Methodol for th luati ¢
complete details of the proposed methodology and its appli- ethodo ogy or the evaluation o
cation in Soh de Santa Coloma. earthquake-induced rockfalls

The proposed analytical methodology was developed to in-
2 Earthquake effects on rock slopes dentify the location of potential earthquake-triggered rock
slope instabilities and assign stability class categorizations

Earthquakes affect rock slopes in two distinct ways, eachn terms of probability of failureP; over local to medium-
associated with different time scales. The most obvious off@nge scale study areas (i.e. up to severaf)knfrailure is
these is the immediate co-seismic detachment of rock from &l€fined as the detachment of a rock mass from the slope face
slope face or the remobilization of previously detached rockunder given conditions.

masses. A second effect, which occurs over the longer time The proposed methodology involves the following steps
frames (months to years), involves the earthquake-inducedFig. 1):

opening of fissures and rock fracturing that may resultin rock

dislodgements in the future. The analytical method presented 1. Discretization of the slope in relief units (cells), having

in this paper pertains only to the first of these two effects, the homogenous aspect, slope angle, rock properties and
co-seismic detachment of rock masses. joint set orientations.
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Fig. 1. Methodology for the evaluation of earthquake-induced rockfalls.

2. Calculation of the maximum slope angle and the aver-3.1 Unfavorable joint sets and properties

age aspect for each cell using the program ArcMap by
ESRI. Field reconnaissance is required to obtain data on the princi-

pal joint sets. Given the slope aspect, it is possible to identify

3. Estimation of joint properties: average dip anglg,,  unfavorable joints for each cell using the Markland (1972)

cohesion ¢) and friction angle ¢) and evaluation of  criteria. These criteria define unfavorable joint sets based on

the unfavorable joint sets in each cell using the Mark- three conditions (Hoek and Bray, 1981): (i) potential joint

land (1972) criteria. planes must intersect the slope face, (i) potential joint planes
must have a dip angle greater than the friction angle, and (iii)
joint sets must have a maximum difference of 2@tween
their dip direction and the slope aspect.

5. Calculation of safety factor SF taking into account the ~Given the uncertainty in estimating the joint dip angle that

cleft water pressures, joint properties and PGA on thecould cause slope failure, an average dip value for each one
slope face. of the unfavorable joint sets may be considered along with

its standard deviation. Additionally, a more detailed statis-
6. Evaluation of the probability of failur@®; by addition- tical analysis of the joint data may be performed using joint
ally incorporating the variability of the joint dip angle densities obtained by a stereonet (Gokceoglu et al., 2000).
and using a Monte Carlo simulation. Strength properties of the joint setsgnd¢) were estimated
based on typical values for similar rock types included in an

The input data include the digital elevation model (DEM) o herimental database compiled by Barton (1974) and Hoek
of the area, as well as field data on the joint sets and th%nd Bray (1981)

joint surface properties. The resolution of the DEM deter-

mines the detailed representation of the local relief and thu®.2  Local shaking intensity

the accuracy of the calculated slope angle and aspect. The

use of a 5m DEM at minimum scale of 1:5000 obtained by The analytical method captures the destabilizing effects of an

photogrammetry or laser scanner is recommended for the apearthquake using a pseudostatic scheme whereby the tran-
plication of the methodology. sient seismic forces are represented in a simplified manner

4. Estimation of local shaking intensity in terms of hori-
zontal peak ground acceleration PGA.
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Fig. 2. Calculation of the PGA on the slope face PGA

Fig. 3. Limit equilibrium model for the stability analysis

b d hori I'f lied th h th (W =weight, ¢ =cohesion, A =basal area of the blockl/ and
y a constant outward horizontal force applied through t eV:upIift water forces, v, =dip angle of the joint,y ; =slope

centroid of each potential failure mass. Vertical shaking iSangle, 5, = unit weight of water,z = depth of the tension crack,
often Only a fraction of that in the horizontal direction, and zw =depth of the water in the tension craa=friction angle,
has therefore been assumed to be neglected in the analySBGA =peak ground acceleration on the slope grthcceleration
The pseudostatic forcEeri; was computed as: due to gravity.

Fhoriz=PGA-(W/g), 1)

average value of the joint dips that represents the potential

where: sliding planes. The safety factor SF is calculated by Egs. (2)—

PGA =peak horizontal ground acceleration acting on

the potential failure mass,

(7) for the two-dimensional rock mass shown in Fig. 3.

W =the weight of the potential failure mass, s ¢ AW (cosy,—PGA/g siny,) ~U—V -siny, | -tany @)
g =acceleration due to gravity. W (siny,+PGA/g - cosy,)+V -cosy, ’

The PGA along the rock slope is the intensity of base shakivhere
ing PGA, modified by site and topographic effects (Fig. 2). H—z
The intensity of base shaking is a function of the defined seisA = W ©)
mic hazard level (e.g. return period) and may be estimated P
based on a site-specific seismic hazard analysis or from loc v H? 7\2
seismic codes. A site response analysis may then be used?%)/: 2 ((1_ (ﬁ) )‘Cowf” -(coty, 'tam/ff_l)>’ “)
relate the PGA to the free field ground motion behind the
crest PGA. This analysis may be based on simplified code ~ H-(1-coty-tany,), ®)
standards, such as those in the International Building Code  y,,-z,,-A
or Eurocode 8 (ENV 1998-5:1994), or alternatively, usinga™ —~ »  ° (6)
site-specific one-dimensional ground response analysis. The
effects of topography are accounted for based on a simpliyy — ¥ Zw @)

fied procedure developed by Ashford and Sitar (2002). The 2

procedure suggests that the ground motion of the free field¥ =weight, ¢ =cohesion,A =basal area of the blockl/
behind the crest PG4 be increased by 50%. The PGA on and V =uplift water forces, vy, =dip angle of the joint,
the slope face at the location of the cells PGAs obtained v, = slope angley,, = unit weight of waterz = depth of the
by linear interpolation between the base and the crest as praension crackz,, = depth of the water in the tension crack,
scribed by Eurocode 8. ¢ =friction angle, PGA=peak ground acceleration on the

slope ang; = acceleration due to gravity.
3.3 Safety factor

3.4 Probability of failure
The stability of each cell can be investigated analytically for

the input data using a conventional limit equilibrium formu- For the calculation of the safety factor SF and the evaluation
lation for planar and wedge failures as described by Hoekof the susceptibility of the slope to rockfalls, there are uncer-
and Bray (1981) and Hoek (2007). In this paper, only planetainties introduced into the proposed methodology. Uncer-
failure is considered. The analysis is conducted using a fixedainties related with topographic data (i.e., DEM precision)
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result in variation of the maximum slope angle for each cell. 0
There are also uncertainties for the geomechanical properties
of the joint sets{/,,, c and¢). Additionally, water pressure
in the joints is another variable factor as is the Rapplied
to potential rockfalls masses on the slope face.

To address the uncertainties introduced into the analysis,
a probabilistic analysis is proposed using Monte Carlo sim-
ulation technique. For simplicity, in this work explicit treat-
ment of uncertainty will be limited tg/, when considering
that the potential for block detachment is based on kinemat-
ics of the joint sets. However, the Monte Carlo simulation
technique presented here can be extended to include uncer-
tainties in other factors such as topography, seismic ground
motion, water pressures, and shear strength of the joints. A
normal distribution of the joint dip is assumed of each cell,
with average value and standard deviation resulting from the
dip of all unfavorable joints for the cell. The probability of
failure may then be calculated as: Fig. 4. Schmidt stereogram of the principal joint sets at the study
P;=P[SF<1]. (®) area (after Comella, 2003).

6%

Number of joint sets: 42

end of the range has been locally affected by Mediterranean
tectonics, which features an Oligocene-Miocene northwest-
southeast extension resulted in the Corsica-Sardinia drift and
4.1 The study area characteristics the opening of the Gulf of Lion. The principal fault systems
in the area are the northwest-southeast trending Bigorre fault

The study area is a slope situated next to the urban area dh the Central Pyrenees, and the northeast-southwest trending
Santa Coloma, in the Principality of Andorra, located in the Tet and Tech faults in the Eastern Pyrenees, which control the
East-Central Pyrenees. The area was selected for this studyeogene to Quaternary deformation in this part of the range.
because it experiences a relatively high rate of rockfall ac- The study area is located in a region of moderate seismic-
tivity and because a number of other studies have been peity. Historical records indicate that in 1373 a relatively large
formed in the slope in recent years (Copons, 2004; Copongarthquake occurred in nearby Ribagorga (Central Pyrenees),
et al., 2005; Corominas et al., 2005), thus allowing the anal+esulting in estimated Modified Mercalli intensities of VIII
ysis results to be checked against previous studies for consige 1X in the region (Olivera et al., 1994). More recently,
tency. Two sites are investigated within the studies area, th@ series of seismic events occurring in 1973 caused Modi-
Borrassica and the Forat Negre (Fig. 5a, b, and c). fied Mercalli levels V to VI shaking intensities in the region

The retreat of the Pleistocene glaciers about 20 000 year§Susagna and Goula, 1999). All these seismic events were
ago has resulted in a typical U-shape valley profile in thefelt at the study areas of Borrassica and Forat Negre. For
area. The subsequent occurrence of morphogenetic prahis study we adopted the results of a comprehensive prob-
cesses such as decompression and freeze-thaw for both sitabilistic seismic hazard assessment (PSHA) of the Pyrenean
has resulted in intense rockfall activity under non-seismicregion (including Andorra) by Secanell et al. (2008) to de-
conditions. This is particularly apparent for the Forat Ne- fine the local shaking intensities corresponding to an earth-
gre (Fig. 5c¢). Lithology at the site consists mainly of gran- quake having a return period of 475 years. This return period,
iodiorite. The values o£=0.20 MPa andp=35" were se-  which is equivalent to an event having 10% probability of be-
lected as conservative estimates of joint strength in this maing exceeded in 50 years, was selected to be commensurate
terial based on data presented by Barton (1974) and Hoeklith design seismic risk levels specified in most contempo-
and Bray (1981). While the rock mass is relatively impervi- rary building codes. Seismic hazard maps developed by Se-
ous, joints close to the topographical surface may open proeanell et al. (2008) as part of their PSHA indicate a bedrock
gressively due to stress release thus allowing the rainfall tanedian PGA of 0.12 g for all of Andorra and consequently
infiltrate with a consequent increase in the cleft water presfor the study area.
sures. Figure 4 summarizes the principal joint sets that were Keefer's (1993) empirical approach was applied to the
observed and measured by Comella (2003). study area as shown in Fig. 6. For the existing conditions,

The seismicity of the area is related to its tectonic setting.the path on the decision tree (shown by following the gray-,
The Pyrenean range results from the collision of the Eurasiamink- and red-shaded boxes) indicates that the study area has
and Iberian plates (Souriau and Pauchet, 1997). The easteammoderate to high susceptibility of seismically induced slope

4 Application of analytical method at Soh de Santa
Coloma, Andorra
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failure. However, for Andorra, and accordingly for Sale

Santa Coloma the assigned seismic intensity is VIl accordin
to the map of seismic zones of Catalonia for a return perio
of 500years (Goula et al., 1997). Additionally, vegetation
is also present. Therefore, according to Keefer’'s approac
rockfall susceptibility is decreased by one grade and is low t

Nat. Hazards Earth Syst. Sci., 9, 1763%3 2009

moderate. A review of the historical archives suggested that
no significant rock failures occurred during the two strongest
earthquakes over the last hundred years, the Boi earthquake
of 1919 which resulted in local MMI shaking of V-VI, and
the Viella earthquake of 1924 (Susagna and Goula, 1999).
These historic observations corroborate with the susceptibil-
ity criteria based on the Keefer (1993) procedure.

4.2 Application of the procedure and results

A 5m contour DEM at a 1:5000 scale obtained by pho-
togrammetry was used in this study. Field observations as
well as terrain profiles of the DEM indicated an elevation
of 1075m at the slope base and 1325m at the crest of the
slope for both of the sites. The two study areas were dis-
cretized into homogeneous cells with a 25m elevation dif-
ference between the lowest and the highest contour lines of
each cell. A total of 97 cells have been defined as shown in
Fig. 6. For each cell, the maximum slope angle and the aver-
age aspect were calculated using ArcMap. The slope angles
as well as the discretization of the cells are presented on the
topographic map in Fig. 7. The maximum slope angle in the
study area was 86 It can be seen that the majority of the
cells have slope angles greater thaf @Ad the investigated
area fulfills the prerequisite of being steeper thah 25 the
earthquake hazard evaluation on steep rocky slopes (Keefer,
1993).

Intact rock such as that at the study site often has shear
wave velocities in the range of 800 m/s, the threshold beyond
which site amplification is assumed to be negligible based
on Eurocode 8. Accordingly, PG/ value was set equal to
the PGA of 0.12g. This acceleration was then increased
by 50% to obtain the PGA value of 0.18g. The PG
value of 0.16 g was computed by linear interpolation (aver-
age altitude: 1075 m) between the PGA at the toe and crest of
the slope. To test this simplified approach for accounting for
topographic amplification, a series of two-dimensional dy-
namic response analyses where performed using the finite-
difference code FLAC (Itasca, 2005). Intact rock generally
exhibits linear behavior over the range of strains typically en-
countered during an earthquake (Schnabel et al., 1972) and
therefore modeled as an elastic material with material prop-
erties typical of those for intact igneous rocks (shear wave
velocity=3000 m/s). The numerical model was subjected to
seven recorded ground motions from events in California,
USA and ltaly, scaled to a PGA=0.12g. While the full de-
tails of finite difference analyses are beyond the scope of this
paper, it is noted that the PGAvalues from the detailed nu-
merical simulation averaged 0.08 g, suggesting that the sim-
plified procedure provides a conservative estimate of accel-

9eration along the slope face.
d Field observations in the entire area indicate that most fail-

ures occur along planar joint surfaces (Fig. 8). As a result a

Himit equilibrium model that takes into account planar sur-
0faces was used to compute the safety factor (Fig. 3).

www.nat-hazards-earth-syst-sci.net/9/1763/2009/
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Fig. 6. Decision tree for susceptibility of rocky slopes to earthquake-induced failure (Keefer, 1984), and application ta ithe Sahta
Coloma (grey: existing conditions on the study area, pink: occasionally existing condition, red: susceptibility level). The susceptibility grade
is reduced by one grade-{) for M >6.6 and vegetation presence.

Fig. 7. Distribution of the slope angle of cells in the study area
(contour interval: 5m).

Unfavorable joints for each cell were first determined us-
ing the Markland (1972) criteria. The average joint dip and £
associated standard deviation were then calculated for the un|
favorable joints of each cell. In order to assess the relative
significance of seismicity on the rockfall hazard, paramet- &
ric analyses were performed for both non-seismic and seis
mic conditions, as well as for differing water pressures in
the joints corresponding to joint water level of 0% (no wa- _. .
ter), 20%, 30%, 40%, 60% and 70%. For these combinationagé:év;ﬁvég;tg ee ;gﬂ;;ecegﬁ)a;nj.tr&%tzeoghzer?nc:;illr:grl? (,;Cj ;iiﬂ
of parameters, corresponding values of the safety factor Sk, .. a’t the site.
were obtained based on a conventional deterministic analy-
sis. Following this analysis, the probability of failufg was
then calculated considering the additional parameter of joint

www.nat-hazards-earth-syst-sci.net/9/1763/2009/ Nat. Hazards Earth Syst. Sci., 97732009
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Table 2. Number of cells for each class and modeling conditions.
- Total number of cells in the study area is 97.
o water % 0 20 30 40 50 60 70 Class Py
P 3 97 97 97 95 91 81 71 Classl Pf<0.36
o EES 0 0 0 0 3 5 2 Class2 0.36P;<0.44
£T 0 0 0 0 1 3 8 Class3 0.44P;<050
2o 0 0 0 2 2 8 16 Class4 P>0.50
Q
o g % 97 97 96 94 87 71 65 Classl  P;<0.36
) 0 0 1 1 2 8 4 Class2 0.36P;<0.44
00 £T 0 0 0 0 2 3 2 Class3 0.44P;<0.50
000102030405060708@10@12]4‘;;]6]718]9202] 222324 252627 28 29 30 ;0) O O O 2 6 15 26 Class4 szoso
class 4
Fig. 9. Probability of failurePy versus safety factor SF. based on the fact that normally distributed uncertainty for

SF=1 givesP;=0.5. This is due to the fact that in addition

to the average dip value, discontinuities with dips inclined
shallower than the average value are also considered in the
Monte Carlo analysis. As a result, in many cases of §F

the probability of failurePy is considerable (i.e., SF=1.30

Table 1. Correlation of SF withP; by non linear regression
analysis.

Safety factor  Probability of failure

SE P corresponding t&=0.36).
/ Using these thresholds, the number of cells is further cal-
(1)'88 g-gg culated for each class for various combinations of earthquake

and water conditions (Table 2). It is noted that for conditions
corresponding to no water and a water level of 20%, there
are no instable rockfalls sources both with and without seis-
mic effects. This implies that without significant water in the
joints, an earthquake will not initiate a rockfall in the study
inclination standard deviation (calculated for each cell as dearea. For a water level 30% and no earthquake conditions, no
scribed earlier) with the aid of the Monte Carlo simulation rockfalls sources are indicated (susceptibility class 1), while
software @Risk 5.0 (Palisade, 2007). for the same water lever (30%) and considering earthquake
Figure 9 presents the comput@d as a function of SF for  conditions, there is a single cell that has a susceptibility of
the full range of the parametric analyses. The plot was usedlass 2.
to aid the interpretation of the analyses results, and to define Figure 10 shows the potential for rockfalls with and with-
four general stability classes. The cells of class 1 are thoseut an earthquake using a color scale related to the range of
having a minimum SF of a 1.3 and are considered very staP, values. The results are presented for joint water level
ble. The value of SF=1.3 was selected based on its wide ac40% (the minimum level needed to trigger rockfalls), 50%,
ceptance in geotechnical engineering slope stability practicé0% and 70%. This implies that for the level of seismicity
as a threshold defining adequate stability (e.g., Wyllie andconsider here and the assumed rock properties, an earthquake
Mabh., 2004; Lorig and Varona, 2000; Singh et al., 2005). Thewill not trigger significant rockfalls in the study area. Thus,
cells of class 2 have a SF less than 1.3 and greater than 1the principal controlling factor appears to be the water pres-
and are also stable. Class 3 describes the susceptibility levalure in the joints. For joint water levels greater than 50%
for those cells that have SF close to 1 (i.e., &9%<1.10),  a significant increase in rockfalls may be expected. Under
that given the inherent uncertainties of the detachment phethese water level conditions, an earthquake will be expected
nomenon, are considered to be at incipient failure. The finato increase the number of potential source zones (e.g., for
category, class 4, comprises the cells with a SF lower thar,,=50%¢z, the number of rockfall sources increases from 3
0.90, which are considered unstable. In this evaluation, theo 8). This amount of water in the joints is particularly high
cells of classes 3 and 4 are considered source zones for pder the study area. As a result, given that it is unlikely that
tential rockfalls. water will reach these levels in the joints, the susceptibility of
A non-linear regression analysis was performed to deterthe slope to seismically induced rockfall is low. This is con-
mine the P, that corresponds to the defined SF thresholds sistent with the susceptibility level based on Keefer’s (1993)
Results from this analysis are as shown in Table 1. approach for the area. A benefit of the proposed approach is
According to the results presented in Fig. 9, SF=1 corre-that it provides information of the location of the source area
sponds to a condition where there is a 50% chance of havingnd a quantification of the probability that rockfalls will oc-
a detachment of the rock mass. The same reference point hasir in the area given a level of seismic excitation and water
also been used by Vick (1994) as cited by Silva et al. (2008) pressure conditions.

1.10 0.44
1.30 0.36
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win earthquake with earthquake

Nov. 2001

[ Class 1 7<0.36 [ Class2:0.36 £ £p< 044 [ Class 210.44 £ 7p<0.50 [l Class 4 72 0.50

Fig. 11. Historical rockfall events overlaid on the rockfall source
map of the study area (from Fig. 10, column 1, row 4).

reduce the size of the rockfall points (dots) and to provide

more accurate information. Moreover given that the sources
are inaccessible, their positioning using GPS was not possi-
ble. The points presented in Fig. 11 were determined follow-

ing three steps:

i The rockfall source was localized on a photograph of
the rock slope, taken vertically to the slope.

— ' il The source was positioned on an orthophoto image by
10(g) 2, =070z 10(k). 2, =070z

the help of the photograph of step i.
[ Class I: P, <036 [] Class 2:0.36 < Fp=0.44 . . .
i The orthophoto image was overlaid with the topo-
[ Class 3 044< /=050 [ Class4: P, =2 0.50 graphic map of the area using the program CADS that
permits the localization of the source on the topographic
Fig. 10. Rockfall source areas and their probability of failie. map.
The sources were visible from a station vertical to the
slope. So their position on the photos was an easy and di-
4.3 Comparison of the results with historical rect step. The slope has many irregularities and small trees
rockfall data which are present on the photos as well as the orthophotos.

There irregularities were used as reference points to position
The results of the methodology were evaluated in relationthe sources on the orthophotos. The reference points have a
with their spatial accuracy using recently documented rock-distance of less than 10 m. As a result the positioning error
fall events and comparing the location of these to the  on the topographic map is of the order of some meters.
computed using the proposed methodology for the specific Table 3 summarizes the, calculated using the proposed
site locations. Given the scale of the map, the accuracy omethodology. It is noted that with one exception, all past
the rockfall location is limited; nevertheless, it provides use-rockfall events occurred in cells characterized as potential
ful information on rockfall sources. Some of the historical sources (i.e.Py>0.4). The exception, the event of 17 Au-
rockfall events occurred after rainfalls, however the infor- gust 2003, is located in a cell of low probability of fail-
mation on the infiltration due to these rainfalls is not suffi- ure. The failure of the methodology to predict this partic-
cient. The most unfavorable water conditiong£70%?z) ular rockfall event is probably related to a localized steep
and non-seismic conditions are assumed. The location of theone in the cell area, which the DEM did not adequately cap-
historical rockfall events with respect to the location of the ture. Another possible explanation could be a localized re-
cells in the investigated area is shown in Fig. 11. Historicalgion having low shear strength values. In general, the com-
data information was collected by Copons (2004), Copons eparison indicates that the procedure is capable of capturing
al. (2005) and Corominas et al. (2005). Because of the scaleon-seismic rockfalls, thus suggesting the efficacy of the pro-
of the map (1:5000) the precision in positioning the rockfall posed method locating potential rockfall sources and rating
points on itis limited. Due to this, it is not possible to further their level of stability.
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Table 3. Probability of failure P, of cells with historical rockfall be affected by processes leading to the decay of cohesion

events. with time such as freeze-thaw processes, root wedging, etc.).
These very local conditions are not adequately captured by
Date of rock  Probability of failurep ; the analysis.
fall event  of the corresponding cell Future investigation should include the realistic simulation

of the variability of further factors (cohesienfriction angle
¢, Peak Ground Acceleration PGA, water level in the joints
Zw, €tc.) so they may be included in the Monte Carlo sim-

April 2000 Py =0.46 (class 3)
November 2001 Py =0.72 (class 4)
November 2002 P, =0.44 (class 3)

17 August 2003 P;—0 (class 1) ulation. Additional research should be made to check the
2 April 2004 P =0.55 (class 4) sensitivity of the results using the proposed methodology to
20 April 2008 P =0.56 (class 4) the precision of the DEM, the joint set measurements and the

evaluation of the geomechanical properties. Also the inves-
tigation of the distribution of the water level in the joints for
various intensity rainfall events would improve the accuracy
of the results. Finally, the application of the methodology to
well documented similar case-studies of earthquake-induced

... rockfall events would also be useful for the evaluation of the
A methodology was presented to evaluate rock slope stability | 0

under seismic conditions. Itis a new procedure that accounts
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